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· ABSTRACT 
.... : 
--~ : . ,• . . - - - . 
Due to an increased interest .in low cycle fatigue 
behavior, a study was initiated to dete:rmine the effect 
of simultaneous cycling and aging· on t~ee p:ressmae 
vess~l steels. The steels investigated were: a plain 
carbon steel, A212B; a Cr-Mo steel, A387B; and a low 
alloy steel, "T-111• A212 and A387 were studied in both 
. - - - -- - - - --
the stress relieved, and spray quenched 
and tempered conditions, whereas"T-l"was tested as 
received. 
The experimental program was designed to utilize a 
rotating beam fatigue machine modified so that constant 
deformation rather than a constant load could be applied 
to the specimen. The aging temperature varied-i'from room 
temperature to 600°F. 
In order to determine the effect of allowable strain 
range upon fatigue life, a correlation was established 
\ 
between total strain range and specimen deflection for a 
· given steel in a given condition. 
The results showed that A212 spray quenched and tempered 
exhibited little variation in fatigue resistance with aging 
. temperature at all cycle lives investigated. However, A212 
normalized and stress relieved in the low cycle range 
showed superior fatigue resistance at 200°F-40o0·F. At 
.. 
.-~· -- -- -·- - - -· ·-
100, ooo ·cycles to ·tailure, room "tenipeta·tu:rtr ~d- 500°F were------.-·---~-·--~~·-~r---~----· 
best·. 
•;" l 
·' 
_-.; ... 
J 
! :~ 
\ .. 
2 
Both conditions of A387 exhibited decreasing· 
resistance to fatigue with increasing temperature at all 
. "" ..... ,, ~· ........ ,••'""' •,' ..... .,~, ..... -· ............ - " . .. -• .. 
.. _, .............. - ~ •.. -~, .• _ ........ ~ .,,. ,~ .. -..... _ ................. -,,·,~· ,!~ ··r-~·.,····-.... -- . .,_ ......................... --~;"' .. ··"7d·-........... ~-.s ...... ,:. ........... v"'~~~! ········----------------------·····--·~-·-·'-~---'·-~--'~-------. --- --···exc·e·Jft····tne· VeI'y ···10~,--···cyiil_e···--11·ves~---···· 
The fatigue properties oflfiT-19 at 100,000 cycles to ·-··-... ···--·· .. ----=------=-= ... -....... ~-.......... -•..• ;.. .... _:. ... .-. ~ -----·---··-·--··-·-·-- ........ ... .... Q-v 
..... 
., ., 
. q 
•: 
failure were best ·at 400°F. When comps.red at lower cycle 
lives, room temperature and 600°F had the best fatigue 
:resistance. 
Results indicate that two compensating factors must 
be considered to explain the effect of temperature on 
low cycle ~atigue behavio~. These are the enhan~ement of 
diffusion due to high strains and the decreased time 
available fo~ diffusion to occur at cycle lives of 5000 
or less. 
; 
' At all temperatures tested, the fatj!'gue behavior was 
'. 
1nrluenced by the mic:rostructure. When comparing the 
fatigue resistance of a given material in the two heat 
' treated cond~tions studied, it was found that at 100,000 
~ cycles: the spray quenched and tempered condition was 
supez,ior; however. at 5000 cycles the normalized and 
/ 
stress relieved condition was superior. 
. lr 
' 
·. , 
··•· . 
:.t_ 
- -r· 
.. 
r!l1 INTBODUOTIO!l 
In ·recent Jes.rs a greater aw&l'eness of the -importance 
'"' 
ot · 1ow cycle fatigti.e has developed due to the incre~sing 
use ot materials in circtm1stances whe:re fatigue fail1Jl'e·· irl············ ·--····-·······-#--···--·-··-··-·· 
-100.000 cycles or less is a distinct possibility. Early 
work in tb:1 s area was conducted by Kommars ( 1 ) , who 
concluded frtom. a series of eyclie bend tests that 
deflection was an important variable 1n determining fatigue 
~ife at low cycles. Howeve:r, as the number of investigations 
dealing with failure at low cycles increased, experimenters 
concluded that total strain range or plastic strain range 
was a more significant variable tban deflection. 
Orowan (2 ) a§sumed that a Material would fltacture at 
a eez,tain critical value of the total plastic strain and 
from this concluded that a log-log plot of cycles to 
• failure as a function of plastic strain should be linear 
with a slope or -1. 
i'or, Ruzek and Stout ( 3 ) upon testing A20l and A285 
steels in cyclic bending found that there was a linear 
re·lationship between log pla~tic strain range and log 
cycles to failure. However, the slope varied with the 
composition of the steel. 
co:f':N.n (lr.) observed that as the cycles to failUN 
~-. 
f 
' 
r 
I 
... ~ ........... ·-·· •-"•-• •-,• . .-.,.to,-.,11-•!-,-·.l'.., • .,. • ....:..~-:-·• .. ,-,q ... , -~- ·,.._ -·--··,,- .r; • .".''. 
.. - ' __ , .. . - ,. 
1ncl'8ased., the t_otal plastic sti'airi decreased exponentiall7. 
From this, he proposed the following relationship: 
.. 3 
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(1) 
where: 
~ A€ · = constant p 
- = cycles to failure 
k = constant 
.. ,. 4 
A E P = plastic st:rain· range per cycle 
Upon analysis of additional low cycle fatigue results 
Coffin(5u6,7) concluded that k = 1/2 regardless of 
material, test temperature, type of test or heat 
,. 
treatment. 
M:>re l'ecently Weiss., Sessler and Parkman(B) have 
shown that equation ( l) holds only when conditions of 
z:ero mean strain are imposed. They have proposed a more 
general relationship of the form: 
(2) 
where: N = cycles to failure 
E. TR cycle 
E O = mean strain 
f 'p = E.TR/2 extrapolated to N = lfii_ cycle 
Weiss et al. have found in tension-compression cycling of 
--
A302 and A.221 steels, where the cycles to failUI'e wezae less 
than.500, that the experimental and predicted results 
agreed very well. They concluded that the total strain 
range rather than the plastic strain range could be used 
up to approxi~tely 1o3 t~ 1<fo cycles to failure. 
Although a considerable efto~t has already been 
expended in the investigation of low cycle .fatigue, 11 ttle 
work has been initiated in the behavior~of steels when 
•, :,• 
i • • 
l 
l 
f 
',. ·.'·. . 
. ·····-< 
s 
subjected to low cycl• fatigue conditions· at slightly. 
elevated temperatures. It has been lmown for manr years 
~~at mild steel '71hen deformed plastically and aged either 
at room or slightly elevated temperature is Im.own to 
undergo an increase in tensile strength and• dec~ease in 
ductility. This phenomenon, kn.own as strain aging, is 
' 
attributed in mild steel to the diffusion of nitrogen and 
carbon atoms to dislocations. Tests to determine the 
-
ettect of elevated temperatmae upon fatigue have been of 
.. '--..;, 
~. ~ ·~. 
two types: 
' 
'' 
(1) Cycling, aging, recycling, etc. this sequence 
continuing to failure. 
(2) Simultaneous cycling and aging. 
Daeves et al.(9) tested 0.06~ C and o.42~ C steels 
in rotating bending at a stress that produced a fatigue~ 
life of 1o5 cycl~s. Some of the tests were interl'Upted 
tor times ranging from one m1nute to three days, at either 
5000, 10,000, 20,000 or 100,000 cycles and the test bars 
· annealed at temperatures ranging from 70°F to 410°F. For 
these steels the fatigue life was greater the higher the 
annealing tempe~ature, the longer the_ anneal and the more · 
frequent the anneal. 
Bollenrath and come11us(lO) studied the effect ot 
interrupted testing on alloys of aluminum,.magnesium, 
copper and ,iron. The tests weI'e interrupted at 109' ot 
the expected fatigue life tor six to twenty-four hoUl's. 
' - ... "· ~· ,· .,, . ,,,.~. •· -.. ~ 
I 
.. 
.~·· 
,, 
'j 
> I 
\ 
. \ 
6 
_ Only .a 0.02% C steel· had its fatigue lite substantially 
increased by ·these treatments. 
'· 
L1ssner(ll) also noted an increase 1n life for a 
plain carbon steel when rested for 24 hours· at :i,oom 
temperature or 212°F at intervals during the fatigue test. 
However, other experimenters(l2,l3) found no such increase 
when tests were interrupted and the test pieces annealed 
at 1020°F or 1675°F respectively. 
Moore and Alleman(l.4) :f'atlgue tested a normalized 
0.17% C steel at room and elevated temperature. The 
endurance limit at· 550°Fwas 39,000 psi compared to 
30,000 psi at room temperature. The stress requi~ed to 
cause failure in a given number of cycles was always 
greater at 55o@p than room temperature. At 800°F no 
endurance limit was observed in tests at 28,000 psi and 
43 x 106 cycles. However, a gl'eater -stress was requil'ed to 
produce failure at 800°F than at room temperatUPe for 
cycle lives up to 20 x 106. When tested at 1200°F the 
fatigue life was greatly Feduced at all stress levels. 
Gross and Stout(l5) in tests on A201 and AJ02 steels 
,, 
· observed an inc~ease~ resistance to plastic fatigue at all 
,;I 
• 
strain levels when tested at 650°F as compared to room • 
-temperature. Weiss et al.CB) also fo'UDd that A302 steel 
') 
had a greater fatigue life for a given strain when tested 
at 400°F as compared to room temperature. However, the 
. :fatigue life at 800°F was less than at room temperature 
._. 
·, 
.. ~: . 
... 
·,. 
' · •·. 1·1·-
. . 
r 
• 
7 
for a given· strain. Fo:r. 54S4-0 aluminum alloy, Weiss et al. 
found the~e was little difference in fatigue life for a 
~ 
given strain when tested at room tempe:ratlll'e, 250°F or 
400°F. 
Forrest<16 >, studying the effect of speed on the 
fatigue lif'e of a normalized 0.17% C steel observed that 
, the maximum stress for failure in 5 x 1'9 cycles occurred 
at 52S°F when tested at 10 rpm and 690°F at 2000 rpm. 
Levy end Sinclair{l7) tested AISI 1018 steel in 
fatigue at temperatures ranging i'rom 70°F to 700°F. The 
g~eatest fatigue life for a given stress (35 8 000 psi) 
occUX'red at approximately 420°F. When the same steel was 
wet hydrogen treated in a glass .furnace to ~educe the 
ca~bon and nitrogen content the fatigue life at 35,000 psi 
was lower at all tempe:ratures when compared to the original 
material. Also, there was a steady decline in fatigue life 
' a.s temperature increased. When nitrogen was reintroduce<\_ 
the fatigue life at slightly elevated temperatures was. 
again g:reate:r than that at ~oom temperature. From these 
results Levy and Sinclair concluded that the increase in 
fatigue life at slightly elevated temperatures was due to 
strain aging. 
Recently, Tavernelli and corfin(lB) condlleted low 
cycle fatigue tests on SAE 1111 steel at room tempe~ature 
and 400°F. The steel was produced by the Bessemer process~ 
' 
and, therefore, had a hi~ (o·.Ol.4%) nitrogen content. At 
- ' 
. , ~-
.. 
·--~ 
I I 
8 
400°P there appeared to be a. slight increase 1n cycles to 
·>K' 
.failure· for a givf;)Jl plastic strain, however. the scatter 
was great enough to make this conclusion questionable. 
_.,., 
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EXPERIMENTAL PROCEDURE 
The materials selected for this study were: a plain 
clU'bon steel, A212B f'ine-grained; a cr .. Mo steel, A387B 
C. 
coarse-grained; and an alloy structur~l steel, 8 T~l!'. The 
chemical composition and tensile properties of these 
materials B.l'e listed in Tables 1 and 2. '.I'he A212 and 
'· A387 steels were received as rolled 1n plates 24" x 36" 
x 3/4''· !Tom these plates, 6 - 8" x 18" x 3/4'' plates 
were cut to facilitate the heat treatment. "'l'..J!!was received 
... as 3/4" plate 1n the mill quenched and tempered condition. 
A212 and A387 were heat. tr>eated acco:rding to the schedule 
shown in Table 3 and tested in both the normalized and 
stress relieved and spray quenched and tempered conditions. 
Tl was tested as received. 
Following the heat treatmen·t the plates were cut to 
3/4" x 3/q." x 4" bars from which the fatigue test pieces 
~'. 
were machined, ·with the axis parallel to the rolling 
direction of the plates. '.I'he test pieces were 4 inches 
long, 1/2 inch in diameter at ei the:r end and had a minimum 
diameter o:r 1/q. inch at the center of the specimen with a, 
radius of curvature of 2 1/4 inches. 
After machining, the specimens were polished 
lpngitucrinally with medium and fine grit emery cloth and 
1, ··o,·- and· 00 grit me_ta.ll9graphic paper respectively. The 
. 
. ·--~ . '.. . 
\ 
.. - .. 
polishing treatment was necessary to remove all 
circ1nnferential machining marks which could act as stress 
I/ • T''.t• " • ·- .... ~-- '. ... ...... -. ~.,., .. -~ • 
l 
9 
•I 
.' 
·, 
.•• -, "-· .• !•',' --· - ' 
-· 
·-· "'· - - '.;.,,,:. 
'• 
' . 10 
ra1se:rs and also to facilitate in detecting the formation 
' ,]) 
ot fatigue cracks. Gross et al. (l9) upon testing in the 
...... - ' 
plastic fatigue :range observed that the presence of 
notches could reduce the fatigue li.fe at a given strain by 
up to 75'% compared to the urmotched specimen. 
The fatigue tests were conducted using a rotating beam 
fatigue machine manufac t~ed by the Krouse Te sting Machine 
Company. A pictlll'e of the fatigue machine and auxiliary 
equipment required is shown in Figure 1. In order to 
maintain a constant deformation du:ping the testing of 
individual specimens, it was necessary to control the 
deflection of the leve:r throilgh which the· bending moment 
was applied to the test bar. This was accomplished by 
constructing an adjustable regulator, which could be 
raised or lowered, and placing it beneath the moment B.l'DI. 
to maintain the required deflection of the fatigue 
specimen for the duration of the test. The total 
deflection was measured with a dia1 gage mounted as shown 
in Figure 1. 
Since previeus work in the plastic fatigue range had 
shown a cor>rela.tion to exist between total strain :range 
and cycles to failure, the next step was to determine the 
··correlation between- deflection and total strain :range. To 
determine the total strain range that a fatigue specimen 
was subjected to during a fatigue cycle a resistance wire 
atrain gage was cemented longitudinally at the minimum 
,, 
( 
'(· 
t· 
... ,. .. ""·' .. . .··· 
.. 
.., 
... 
, . 
• .. ,-,~ 1 
\. ' 
11· 
diameter or the test piece and the strain indicated· on a 
Baldwin SB-4 Strain Indicator. Strain was measured in 
mic:ro inches per inch and readings take~ when.the specimen 
passed through maximum. tension and compression. The total 
~ 
strain range is the sum of the maximum tensile and 1 
... 
compressive strains at a given deflection minus the ma.xinmm 
tensile and compressive strains at zero deflection 
respectively. 
Stra1n and deflection measuz,ements were made with 
a zero bending moment and at inc~easing values of the 
bending moment until. that value was reached where cyclic 
c2'8ep effects caused successive strain and deflection 
readings to vary greatly. In order to :record the required 
strain measurements, it was necessary to use a special 
motor which ~educed the specimen rotation to l 1/3 cycles 
per minute. 
Gross et a1.< 20 > on testing A201 and A302 steels at 
, --
large deflections, observed that the st~ain range dec~eased 
g:reatly dllring the firJt few cycles due to w<;>:rk hardening. 
However. after approximately 10 cycles 11 ttle change in the 
total strain ~a.nge was obse~ved until a crack was initiated. 
At smalle:r deflections the st:r~in was nearly constant 
,:i 
t 
. J • 
th~oughout the test,. . Therefore, in this study, befoz.e 
strain end deflection readings we~e taken the specimens 
were rotated for 10 to 15 cycles at each value or bending 
moment emplo7ed. No readings were accepted 'lm.til four 
I 
; ".' .,,. . -·~ . ' 
' --- . . - . ,· ·~- -
' i· 
,, ., 
1~ ,' 
v· successive readings agreed.within the limits ot experimental 
error. The materials used to correlate deflection and total 
' strain ~ange along with their beat treatments are listed 1n , . 
.. 
\ 
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The total strain ranges selected fo~ the simultaneous 
cycling and aging tests were those which would cause 
failure in approximately 5000, 20,000, 50,000 and 100,000 
cycles respectively. A.fter conducting the required tests 
at room temperature, tests on "T~l"and both heat tNated 
conditions of A212 we~e conducted at 200°F, 400°F, 500°F 
and 600°F, whereas elevated temperature tests on both 
conditions of A387 were conducted at 400°F and 600°F. 
" 
For testing at temperatures above room tempe~ature 
a small ?'esistance. turn.ace was const:ructed which could be 
placed az,o,md the specimen. The furnace was made from a 
firebrick and wotmd with nichrome wi:re.. The, tempe~atlll'e 
was controlled by regulating the voltage through the 
circuit by means of a variable resistance. The temperature 
at the s'urface of the minimum diameter section of the test 
piece was correlated with the voltage through the circuit 
as recorded on an AoC. voltmete~. To calibrate the :furnace, 
a chromel-alumel thermocouple was motmted on the surface ot 
the test piece at its minimum -d1amete:r. This was 
accomplished by drilling a small hole in the SUl'face of the 
specimen, placing the thermocouple bead 1n the hole and 
peening a:round the hole to hold the thei,mocouple in place . . 
• 
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Temperature readings we:re· taken with the specimen rotated· 
90° between readings. Thia was done to determine if the 
furnace was heating the test piece evenly. At 200°F the 
variation was !5°F~ while at 600°F the variation was !10°F • 
The c:rcle speed selected for this study, 500 rpm, 
was chosen as a comp~omise betw'een two opposing consider-
ations. At high strain levels and rapid cycle rates the 
specimen will heat due to insuff'icient time between cycles 
for energy dissipationo However, if too slow a rate is 
chosen the time required to produce failure J at 100,000 
cycles will become prohibitive. 
For those tests conducted above room temperature the 
test pieces were pe?'Dlitted to ~each the test temperature 
before the bending moment was applied. This was done to 
avoid initial strain aging at temperature before the 
. /·i" 
cycling had begun. After the test piece had reached 
temperature and the bending moment required to produce a 
"' 
given deflection had been applied, the moment arm deflection 
regulator was adjusted so that no additional deflection 
could occur. Before tes,ting was be.gun an additional bending 
moment was applied to compensate for any additional work 
hardening which may occur during the test, and thus reduce 
the original total strain range. · All-, tests were conducted 
undel' conditions 'of zero mean strain. 
The·,,, Krouse Fatigue Machine is equipped with a m1cro-
aw1 tch which will break the circuit when the test piece, 
'·•' •·tn •. ,. ,.-,·:;.'-••·k,O:..-.. -'·,o,'<.\;...,,_-,1:-•ii:,,_'"~~•A -~._,, ;•_.,•.:'~ ·-·.~O'f.l,',.•-~r::..-•-•1< ·•_.·:.,•· • ._,.., .. ·•.· ,.- · 
~· 
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has failed.· .However, tor the switch to be activated the 
moment arm of the machine must· be bee to de:flect downward. 
Since the detl.ection of the al'Dl was maintained constant 
'. 
during the tests, the machine could not shut off 
automatically when the test piece had failed. To ove~eome 
this limitation an arbitrary failure criterion was adopted, 
the formation of a 3/16" crack on the specimen surface. To 
detect the formation of a fatigue crack, a 1/211 x 5/8" · hole 
was cut in the top of the furnace and a :removable plug 
inserted. This permitted intermittent obse:rvations to be 
made to determine if a crack had formed. 
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lU1ESENTATION AND DIScus·sION· OF RESULTS 
The data used in the correlation of total strain 
r.ange with deflection is present~~ in Tables 5-8 and 
·-· --
. plotted in Figures 2-5. For these curves, no 
differentiation was made between different test-pieces of 
the same material and heat t:reatment. In the elastic 
range the total strain range and deflection CUI'ves a.re 
identical for all materials and heat t:reatments. Howevett, 
as the strain increases there is ·a departure from elastic 
behavior and A387SQ* and A2i2SQ experience a smaller strain 
increase for a given inc~ease in deflection than do A387N** 
and A212N respectively. Also the A387 steels exhibit a 
greater resistance to plastic deformation than the A212 
steels when materials of equivalent heat t~eatment are 
compared. The same general results have been reported by 
Stout and co-workers{l9, 20), who observed that in the 
elastic region the strain versus deflection curves for A201 
and A302 steels were approximately equivalent. However, 
when the strain g~eatly exceeded the elastic ~ange the 
weaker material experienced a greater strain for a given 
de.flee tion • 
Since the tensile prope~ties of A387SQ and"'l'-l"are 
almost identical the curve showing total strain range 
versus deflection for A387SQ was also used :f'or "'r-i•. 
* ' SQ= spray quenched and tempered 
**N = normalized and stress r~lieved 
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The results or the fatigue tests conducted-at room 
" 
and elevated temperature are reported in Tables 9-11. To 
- avoid confusion when plotting the curves, since many o:t 
the data points approximately coincided, individual 
temperatUJ?e curves we~e plotted and the total strain range 
requi~ed to prodUCe faillll'e at 5000, 10,000, 20,000, 
S0,000 and 100,000 cycles was recorded in Table 12. In 
the case of 11T~i' and A387SQ, 1 t was also necessary to record 
the strain required to produce failure at 200,000 cycles. 
From these data Figures 6-10 were plotted, showing the ettect 
of temperature upon low cycle fatigue life for a given · 
material and heat treatment. 
As shown in Figure 6, at 100,000 cycles the fatigue 
.... 
resistance of A212N decreases with increasing temperature 
up to 400°F. However, at 500°F the trend ~everses and the 
resistance to fatigue failure at 500°F and 600°F is greater 
than at 200°F or 400°F. At lower cycle lives the slope of 
the log total strain range versus log cycles to failure 
_· curves for 200°F and 400°F is greater than at the other 
temperatures tested, res~ting 1n superior fatigue 
resistance at 200°F-400°F below 10,000 cycles. 
The results ro·r A212SQ plotted in Figure 7 reveal 
"· little variation in fatigue ~esistance with temperature 
.- ... - --. - -·-----... - .. ~- -·-----·-~, - ,. ---· -
for -all cycle lives tested. The only exception is the 
400°F curve which is noticeably below the c~ves tor the 
other testing temperatures. 
-. ' 
. :, 
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When- coq,a~ing the fatigue behavior ot A3871, Figu:re 8, 
to that o:r A387SQ, Figure 9, a similar variation with __ 
temperature is observed fo~ both heat t~eatments. For all 
strain levels investigated the room temperature curve was 
above the 400°F and 600°F curves. However, A387N exhibits 
a greater resistance to fatigue failure below- 7000 cycles 
at 600°F then 400°F. As can be seen from Figure 8., the -
I 
slope ot the 600°F curve is greater than that of the :room 
temperature c~ve. The~efore, it is possible that at ve?"1 
low cycle life, A387N coul.d have supe:rio:r fatigue 
{, . 
resistance at 600°F not at l'Oom temperature. 
..,_'<'-~ 
For A387SQ, 
the 600°F curve is below the 400°F at all cycle lives 
tested. However, the slope at 600°F is again greater than 
at 400°F, thus indicating that ·at cycle lives below 5000, 
A387SQ, could be more resistant to plastic fatigue at 
600°F than 400°F. 
When comparing the slopes of the log total strain 
range verstts log cycles to failure curves at all 
temperatures for A212N with A212SQ and A387N w1th.A387SQ 
one apparent similaFity is noted. The slopes for both 
steels in the normalized and stress relieved condition are 
greater than in the spray quenched and tempered condition. 
For A212 the curves cross one another between 20,000 and 
30,opo cycles, the fatigue resists.rice at the lower cycles 
being better for the normalized material, while at the 
higher cycle lives the spl'ay quenched condition is 
p 
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... 
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superio:r. For A387 the cUPves cross between 10,000 and 
20,000 cycles to failure. 
··· The :results of the low cycle fatigue tests on "1-~1"· &re 
... 
plotted in Figu:re lOo At 100,000 cycles to failUl'e there 
~ 
is an increase in fatigue resistance with temperature up 
to 400°F. At 500°F and 600°F the fatigue resistance is 
better than that at room temperature, but inferior to 
400~F. At lower cycle life, the slopes of the log total 
strain :range ve·rsus log cycles to failure curves for room 
temperature and 600°F are g~eater than fo~ the other 
temperatures tested, thus resulting in superior fatigue 
resistance below 10,000 cycles at room temperature and 
600°F. 
Investigations on steels similar to those used in 
this study and with corresponding heat treatments were 
conducted by Rubin et al. <21 > After heat treatment the 
-- -.am,, 
steels were prestrained 5% and aged for one hour at 
different temperatures.. Both normalized and stress 
relieved and spray quenched and tempered A212B exhibited 
their greatest increase in yield otrength when aged at 
-500°F. However, the increase for the normalized material 
was 2 1/2 times that :for the spray quenched (13 3/11.% 
·-
,ve:r sus 5 1/4%). Rubin !! al. als.o ·tested A38.7D,~ which 
contains about twice the Cr and I1o of A387B,and "T-1". 
Both normalized and st~ess relieved and spray 
que~ched and tempered A387B had their greatest increase 
--·----···-
.... 
• • • '" -·· • ,-; • • ' - ~. • ., . < ' ' 
.. 
• I 
\ 
... 
·,._. 
1n yield strength at 900°F. Howeve~, this increase was 
only 4% tor the normalized and 1/2% for the spray quenched 
condition. The yield strength for~"increased 1516 upon 
aging at 500°F an.d 9% at 700°F when compared to the yield 
strength tor room temperature aging. 
Comparing the re,;3ul ts of Rubin et al. with·· those 
obtained in this study·, it would appear that in o:rder to 
derive the maximum strengthening effect due to strain 
~ 
aging for A387 grade steels, aging temperatUl'es in excess 
of 600°F must be employed. However, since the type of test, 
speed of test and alloy content.of the A387 investigated 1~ 
this study differed from that of Rubin et al. the results 
are not directly comparable. 
l, 
Another interesting result of -Rubin's work was that 
normalized and stress relieved A212 exhibited a greater 
susceptibility to strain aging than did spray quenched and 
tempered A212. The greater susceptibility of A212N to 
strain aging was also observed in the low cycle fatigue 
tests performed in this 1nvest1gatione This result is not 
in agreement with some 1nvestigations<22923v 24) which have 
shown that the slowe~ the cooling rate for killed steels, 
the less effective the strain aging treatment. An 
·· inveistigation ( 25) recently conducted at Lehigh has shown 
that no~malized and stress relieved A2l2 exhibits a 
greater increase in yield strength when subjected to low 
tempf'rature aging than does spray quenched and tempered A212 • 
. . 
-•· 
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For·. fatigue teats conducted· above ·room temperature 
the fol~owing generalization can be made. As the number 
,or cycles to failure_ decreased, the temperature at which 
fatigue resistance was a maximum also dec~eased. However, 
below 10,000 cycles to failure, both A387N and"r-l'had 
their superior elevated temperature fatigue resist~ee at 
600°F. By observing the slopes ct the elevated temperature 
Ctll'ves for A387SQ, shown in Figure 9, one could ·conclude 
. \ 
. J 
that the same behavior would also occuz, tor this steel at 
veey low cycles to failure. 
To unde~stand this seem1ngly contradictory aging 
'-
behavior two opposing effects must be considered. The first 
• 
of these was reported by Schenck and Schmidtmann( 26 ) who 
observed that the c8.l'bUFizat1on of steel at 1700°F progressed 
more rapidly if the specimen was fatigued during the 
t-.: ... • 
carburizing treatment. They also noted that diffusion ot 
carbon already present in the specimen was increased by 
fatiguing. This effect was g~eate~ the large~ the strain.· 
From the observations of Schenck and Scbm1dtmann, one would 
expect the diffusion of CB.l'bon and nitrogen to be enhanced 
by fatig-qe. This enhancement, being greater at larger· 
strains, would enable mo:re rapid diffusion to take place 
at lower temperatures than could occ'tll' it the.material were 
not subjected to strain during aging. Tb.us, this effect 
could account for the ~mum fatigue resistance occurring · 
,J 
· at lower tempel'aturea as the cycle life decreased. 
I 
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.. 
i'h.e second factor which must be conside~ed is the 
time available for di-ffusion to take place. At a cy-clio 
. . 
speed of :.500 rpm, the time reqtlizaed for failure at 5000 
cycles is only ten m.inutese At the lolrer test temperatures , 
ot 200°F end 400°F this may not be sufficient time for 
carbon and nitrogen atoms to diffuse to dislocation~. This 
speed effect should result in greater low cycle fatigue 
resistance at the higher testing temperature, 600°F. 
From the results obtained in this 'Study, the 
enhancement of diffusion due to strain appea.~s to be the 
mo~e important effect at all except the very low cycl& 
lives. At low cycle lives, the time available for 
diffusion to take place becomes very important. 
Benham( 27) found that for a log-log analysis, 
the plot of strain versus e:ycles to failure would in 
many cases approximate two straight lines. All the steels 
_tested in this investigation did exhibit a change or slope 
in the curves o:r log total strain range ve!isus 1.og cycles 
to failure. This change of slope occurred between 20,000 
to 100,000 cycles to failure depending upon th~ steel 
tested, its heat treatment and the testing temperature. 
lTevious investigations of tJ?.e low cycle fatigue 
behavior of mill quenched and tempered "T-f'conducted in a 
/--------··------,-~- -------'~··--,---- _captilever beam .. fatigue machine yielded ·the following 
' 
,I 
I 
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results when tests were conducted at room temperature< 28 •29 ) 
and 660°F( 29 >. The total strain range required to produce 
.failure in 5000 and 100,000 cycles at room tempe:rature was 
fo\Uld to vary from -0:98% to -l.05% and -0.50% to o.55~ 
respectively. In this study the total·st~ain range was 
-1.03% and -0.49% ~espectively. At 600°F the total strain 
range required to produce f'ailure at 5000 and 100,000 
cycles was previously found to be -0. 98% and -0. 52% 
' ~-· ,· 
r \./ \. 
""' ,;f 
respectively. The present investigation obtained total 
st:rain l'ange values of -1. 04% and -0 .50 1/2%. 
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CONCLUSION'S 
. ,, 
The resui·ts ot this investigation of the low cycle 
. 
tatigue behavior of pressure vessel ·steels may be 
s1.DDmS.:rized as follows: 
1. Total strain range and specimen deflection 1n 
the rotating beam test apparatus can be 
correlated for a given steel in a given 
condition. 
2. A212B steel in the spray quenched and tempered 
condition exhibited only a slight va~iation 
1n fatigue resistance over the entire cycle life 
and temperature ranges studied. However, in the 
.!\' 
normalized and st~ess relieved condition there 
was an observable decrease in fatigue resistance 
at 100,000 cycles with increasing temperature 
up to 400°F. At 500°F the resistance tQ fatigue 
failure was the same as at room temperature. 
For cycle life of 10,000 and less, noI'lllalized 
and stress :relieved A212B exhibited its best 
fatigue resistance 1n the 200°F to 400°F 
temperature rang~. 
3. Spray quenched and tempered A387B had decreased 
resistance t~ fatigue fa~lur~ as testing 
temperature increased for all .. ,cycle lives 
studied. Normalized and stress·relieved A387 
f'ollowed the same trend as A387SQ down to 
23 I 
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10,000 cycles to failure. At cycle lives below· ,, · 
10,0001 A387SQ had better fatigue resistance at.· 
600°F than 400°F. 
4. At 1009 000 cycles to tailure,·''T~" showed an 
increase in fatigue resistance at all temperatUl'e 
when compared to l'oom temperature. The maximum 
fatigue resistance being observed at 400°F. In 
the low cycle range, room temperature and 600°F 
were more resistant to fatigue failure than were 
the other temperatures tested. 
$. The log total strain range versus log cycles to 
failure curves exhibited a change in slope 
between 20,000-100,000 cycles. The number ot 
cycles at which this change occurred was a 
function of material composition, heat treatment 
and testing temperature. 
6. When comparing steels of the same composition, 
the normalized and stress ~elieved condition 
exhibited the better fatigue ~esistance in the 
5000-10,000 cycle range and the spl'ay quenched 
and tempered in the 100,000 cycle range . 
., 7. The total strain ranges required to cause 
-failu:re at 5000 and 100,000 cycles ror"r.;.fsteel 
·' -~ 
at room temperature and 600°F ware approximately 
equal ror cantilever beam and rotating beam 
.-- fatigue tests. 
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TABLE 1 
CHEMCCAL CO:MPOSITION OF STEELS INVESTIGATED 
p s Si Ni Cr Mo V Ti 
0.70 0.010 0.024 0.23 
- - - - -0.58 0.011 0,019 0 .. 23 
-
0.96 0.56 
- -0.85 0.008 0.017 0.25 0.85 0.48 0.50 0.04 0.003 
TABLE 2 
MECHANICAL PROPERTIES OF STE:EI.,S INVESTIGATED 
Tensile Strength 
(psi) 
72,800 
79,500 
95"Si00 
140,600 
131,000 
. (.' 
'f· 
Yield Strength 
(psi) 
L,4,300 
49,400 
'- 68"900 
129·,500 
119.000 
E1ongati.on 
(%) 
37.5 
30.0 
26.5 
16.0 
19.5 
Cu. 
-
-
0.27 
' ~ 
; 
t' ' 
' 
B 
-
-
0.004 
Reduction 
In Area(%) 
60.8 
67.1 
60.8 
63.8 
63.2 
' 
·' 
39 
TABLE 3 
HEAT TREATING PROCEDURE OOR STEELS TES·tED 
TO DETERMl:NE EFFECT OF AGING UPON I,OW 
CYCLE FATIGUE 
Steel 
A.212 grade B 1. 
fine-grained 
2. 
I 
A387 grade B 1. 
coarse-grained 
2. 
., 
"T-1" 
' 
Heat Treatment 
Normalized 1650°F 
-
1 hOUl' 
Stress relieved 1150°F - l ho'Ul' 
Austenitized 1650°F - l'hour 
Sp:ray quenched 
Tempered 1150°F 
-
1 hour. 
Normalized 1675°F 
-
l hour 
Stress relieved 1150°F - 1 ho'Ul9 
'1 
Austenitized 1675°F - l hour 
Sp:ray quenched 
Tempered 1150°F 
-
1 hour 
Treated by manufacturer 
Water quenched from 1700°F 
Tempered at 1260°F 
--~ -·-· ,... ~• ~.. . 
' 
~ 
' 
.. 
., 
TABLE 4 
HEAT TREATING PROCEDURE FOR STEELS 
TESTED TO DETERMINE THE CORRELATION 
BETWEEN DEFLECTION AND TOTAL STRAIN RANGE 
Material Specimen Plate Thickness Heat Treatmen't* 
{in inches) 
A212B 
A212B 
A212B 
A212B 
A212B 
A212B 
A387B 
A387B 
AJ87B 
A387B 
A387B 
. 
2HN 
2TN 
2HSQ 
20SQ 
2TSQ 
2HSQT 
30N 
3HNSR 
3TNSR 
30SQT 
3TSQ! 
1/2 
2 
1/2 
l 
2 
1/2 
l 
1/2 
2 
l 
2 
No:rmalized ·. 
No:rma.lized 
Spray Quenched 
Sp:ray Quenched 
Spray Quenched 
· Sp:ray Quenched and 
Tempered 
No:rmalized 
Normalized and 
St:rass Relieved 
Normalized and 
Str3ess Relieved 
Spray Quenched and 
Tempered 
Spray Quenched and 
Tempered 
... 
.a-ill heat treat times and temperatures for a given material 
in a given condition are identical to those in Table 3. 
.;.[j· 
•.-. 
·~·· 
. ., . 
.. ... 
d* 
59 
117 
175 
203 
219 
234 
249 
264 
280 
307 
323 
340 
440 
' 
TABLE 5 
DEF'LECTION AND TOTAL STRAIN·RANGE 
FOR NORMALIZED A212B 
Specimen Designation 
2HN 2TN 
ET** d 
' 0.092 60 
0.177 119 
0.265 148 
0.311 177 
0.334 190 
0.358 205 
0.385 219 
0.416 235 
0.454 248 
0.555 "' 
0.631 
0.700 
1.300 
ik:l - deflection 10-4 inches 
.**ET - total strain ~ange % 
~ ' . 
ET 
0.096 
0.186 
0.232 
0.282 
0.304 
0.330 
0.353 
0.381 
0.406 
·- -,~:.-•...:.•·,:~-=-i~-,.r·~~-~..:-,~"'•-"_.;.; ___ ;,.._; _•.:...,;~.;·.a ·• ··•_;,..,_-'_,-;,.,...........,~;-..:..~~.,..:.~:_;...~·-:--I;" _ _: __ •:...'.-:.._;;..,:. -; .,, . .,.. __ ~,;,--A,•., "1'"1~ - ... _-·~ -· ·. r:-· , .. ,._.; • ..,..""'!1.·- • ""' f - -- , .; ; : •• • .. ·: -· ._.. • ' !':, ...... - .. -- • :"" ' ...... .":!· ~' ·:--' -.. -~: • ' .., 
' 
, . 
; 
r1 ~ 
·.\ 
·, 
,. 
' 
,: 
1-
i 
f 
I 
0 
/· t 
' 
)'· I I 
I 
.,· .• -
i 
! 
l 
j 
l j 
l 
I 
j 
'.:\" 
' '· 
d 
30 
53 
82 
108 
139 
165 
195 
204 
224 
234 
252 
263 
282 
298 
·317 
333 
355 
378 
405 
452 
t 
TABLE 6' 
DEFLECTION AND TOTAL STRAIN RANGE 
FOR SPRAY QUENCHED A212l3 
---· Specimen Designation 
2HSQ 20SQ. 2TSQ 
' 
0.0144 
0.089 
0.131 
0.173 
0.215 
0.260 
0.303 
0.323 
0.347 
0.370 
0.395 
0.419 
0.442 
0.472 
0.502 
0.539 
0.582 
0.652 
0.730 
0.921 
~- . . .· 
d 
131 
157 
183 
198 
211 
225 
a1 
262 
276 
296 
317 
0.207 26 
0.250 82 
0.294 134 
0.319 149 
0.338 162 
0.364 176 
' 
0.391 189 
0.427 204 
0.465 218 
0.516 233 
0.575 246 
"ff!· 
261 
279 
~ 301 
. · .. - ·. - . ·. . ·.·· .... ; . 
0.042 
0.129 
0.218 
0.240 
0.262 
0.288 
0.309 
0.335 
0.354 
0.379 
0.406 
0.429 
0.461 
0.522 
... ...:., ... ;, .. 
-~ 
2HSQT 
d ET 
57 0.089 
111. 0.174 
141 0.219 
170 0.265 
184 0.286 
198 0.309 
210 0.331 
225 0.356 
239 0.380 
252 0.401 
268 0.440 
286 0.490 
. ,_ .. - . - - -
.. 
' .. ... 
·. jlil . 
,. 
·.~ .... 43 
TABLE 7 
DEFLECTION AND TOTAL STRAIN RAJGE 
' 
FOR NORMALIZED A387B 
Specimen Designation 
JOB JHNSR ... 3TNSR 
d ET d ET d, E T· 
58 0.089 60 0~087 55 0.087 
119 Oel77 114 0.172 110 0.171 
173 0.269 143 0.219 164 0.260 
··~ 
204 0.324 168 0.260 194 0.309 ' I 
222 0.353 197 0.304 208 0.331 
237 0.381 207 0.326 220 0.355 
252 0.416 224 0.349 
, r ·.t. 234 0.381 
268 0.455 237 0.371 248 0.407 
287 0.498 248 0.393 266 0.456 
312 0.571 265 0.420 283 0.495 
277 0.411.3 300 0.554 
292 ' 0.492 322 0.636 
307 0.529 
323 0.581 
350 0.700 
:!>}: .... 
<a·-. ... ••• 
"'' :; . i. . ,. "l 
-·(fi> . 
"' 
--·----- ·····- .. ····-· .. - -- ~:..:--
. . 
'' 
·, 
·,. 
- ·. 
_/ 
TABLE 8 
DEFLECTION AND TOTAL STRAIN RANGE 
FOR SPRAY QUENCHED A387B 
Specimen Designation 
30SQT 
d 
24 
76 
129 · 
184 
212 
227 
242 
255 
269 
281 
294 
308 
320 
334 
.347 
362. 
377 · 
394 
484 
ET 
0.042 
0.129 
0.214 
0.298 
0 • .340 
0.362 
0.384 
0.405 
0.427 
0.448 
0.468 
0.491 
0.512 
0~537 
0.558 
0.584 
o.614 
0.658 
0.904 
56 
113 
169 
198 
227 
241 
267 
281 
294 
315 
.. 
.. 
0.086 
0.173 
0.258 
0.301 
0.347 
0.370 
0.396 
0.432 
0.459 
0.496 
,...... ~ .,.,., .,.,._. ... _-,"'7"""" --·· ·: - -~·.,. • • • -- •• • , • --·- __ ._ ·: :'. •-··· ·,· -~· ·:-, - ·:,·~!'-~ --:· .. _ '; - -.-::--· .'.":"" . 
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Temp.· 
Temp. 
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TABLE 9 
· DEFLECTION AND CYCLES TO FAILURE FOR 
NORMALIZED AND STRESS RELIEVED,_AND 
. . SPRAY QUENCHED AND TE:MPERED A212B 
Normalized and Stress Relieved 
R.T. 
d * 
220 86800 
222 101200 
250 45400 254 41600 
·290 26100 
292 29800 
.392 9900 
415 6700 
200°F 
d N 
220 74200 
220 72100 
250 41200 
250 39100 
290 24100 
·290 23000 
415 8300 415 7800 
400°F 
d N 
220 73800 
220 60800 
250 36300 
250 35200 
290 29900 
290 25400 
414 8200 415 8600 
f 
I 
500°F 
d N 
220 92800 
220 88200 
250 54900 
250 45200 
290 26100 
292 26900 
415 6900 
415 6200 
Spray Quenched and Tempe~ed 
R.T. 200°F 400°F 500°F 
d N d N d N d N 
272 89300 270 66900 270 63800 250JD8200 
27t woo 272 71400 270 ~00 270 68400 30 00 304 35100 302 00 272 47300 
304 42800 30128600 305 27300 302 32900 
33~ 20300 33. 18900 336 20200 304 26800 22200 
~38 17700 l36 16100 335 24200 ra 20600 30 7700 30 6400 l36 22100 08 9300 430 6900 432 6700 30 7%00 430 7700 430 6 00 
432 7300 
.... 
J 
* - deflection 10-4 inches 
** · - cycles to failUl'e 
45 
600°F 
d N 
220 90900 
220 79800 
250 46600 
250 43200 
290 249...0Jl 
292 20600 
.315 20200 415 6800 415 6500 
600°F 
d N 
272 52000 
274 62700 
304 30200 
304 27600 f ittgg 
8 7600 
430. 6300 
J...~> 
..... ," p . •.··· 
. r 
·, 
:.~: 
l''-y:: 
. {'/ 
~~' 
~~ 
~~. 
:-• 
:, 
' I 
Temp. 
Temp. 
, ~----:- .. ··~ ~ . - . 
.. .,. .. 
/. 
TABLE 10 
1 DEFLECTION AND CYCLES TO FAILURE FOR 
d 
260 
260 
272 
300 
302 
353 
360 
360 
i60 50 
450 
' d 
l8 
3S2 
310 
t72 00 
400 
426 
432 
524 525 
NORMALIZED AND STRESS RELIEVED, AND 
SPRAY QUENCHED AND TEMPEHF:D A387B 
Normalized and Stress Relieved 
'R.T. 400°F 
N d N d 
128700 260 93600 260 
115800 264 95600 260 76800 300 41too 300 g2100 300 37 00 300 6600 360 17100 360 25600 
~60 15'100 i60 22800 50 
~00 50 22300 450 00 450 19800 
7200 
6400 
Sp~ay Quenched and TempeI'8d 
R.T. q.00°F 
N d N d 
120100 3 8 93100 340 115600 0 78800 346 90200 
f6b 47200 370 52500 40900 
~o 50700 30 20600 8 
51800 !j.36 22100 430 49900 s2z !600 520 28100 52 900 524 27900 
8~00 6 00 
\-
~· 
600°F 
N 
69100 
63700 
32900 
31600 
17700 
1300 100 
5600 
600°F 
N 
71200 
92800 
40800 
34700 
21900 
14700 
5200 5500. 
~' 
... 
.,,.·,,, ... -, ~ 
., . 
I 
47 
., TABLE 11 
DEF*LECTION AND CYCLES TO FAILURE FOR 
"!';l"AS RECEIVED 
Temp. R.T. 200°F 400°F 500°F 600°F 
d N d N d N d N d N 
. 286 211100 310 210800 310 281800 312 179700 310 162200 
291188800 312 191700 314 237800 314 154300 310 151200 
306 106400 350 1BB00 34a 85200 352 58200 348 48300 -
~··i 
311 91100 350 68200 350 79800 356 69800 350 51200 
324 87500 400 30900 402 30800 403 28700 400 29700 
350 55900 400 25600 402 26700 403 24600 400 24900 
360 44].oo 510 6800 512 6100 512 5300 510 6600 
392 32500 510 5200 514 4800 515 5200 510 6300 
399 30600 
435 17600 
467 10400 
510 6700 
~ 
510 6200 
. .--•, 
.. . 
.. 
/ . 
"· 
J ( 
. I 
" 
• 1 L • 
TABLE 12 
SUMMARY OF LOW CYCLE FATIGUE DATA 
' Steel Temp. 
5000 
A212!J RT l.ii 200 l. 1 
400 1 •. 67 
500 1.34 
600 1.37 
A212SQ RT 1.05 
200 1.06 
400 0.97 
soo 1.03 
600 1.00 
A387N FB.1 1.40 
400 1.30 
600 1.33 
FOR STEELS INVESTIGATED 
Total Strain Range.% 
10000 20000 soooo 100000 
Cycles 
0. 95 Oo63 0.39 . 0.34 
0.96 Oo51~ 0.38 o.32·Y,_ 
1.00 0.61 o.l6 l/2 0.31 
0.88 ]/2 0.58 1/2 O. 0 Oo34 
0.88 0.57 0.38 l/2 0.33 
",, 
0.57 J/2 Oo45 l/2 0.41 0.78 0.76 0.55 Oo45 Oo!j.O l/2 ~ 
0.72 0.53 ]/2 o.M. o.i9 0.77 0.5a o. o. o 
0.74 0.55 o.41,.l/2 0.40 
1. 04 0. 77 JP. 0 .• 52 0.44 
0.9$ 0.69 0.48 0.42 
0.94 0.66 0.45 0.40 
48 
Slope 
200000 Log ET-
Log N 
.. 
-0.590 
-
-0.746 
-
-0.726 
-
. -0.599 
-
-0.640 
-
-0.432 
-
-0.466 
-
-0.430 
-
-0.410 
-
-0.437 
-
-0.431 
-0.462 .. 
-
-0.511 
A387SQ RT 1.12 
igg i:g~ 0.95 0.81 0.88 o. 74 0.65 0.59 0.57 
0.55 0.52 -0.2 6 
0.54 0.51 -0. 5 
"T-1 n RT 
200 
400 
soo 
600 
0.86 o. 72 0.53 ]/2 o.50~ -0.2 2 
1.03 0.87 0.73 0.58 0.49 0.45 
1.00 o.861/2 o. 74 l/2 0.611/2 0.53 0.49 
0.98 l/2 0.85 o. 74 0.62 0.54 0.50 
0.99 0&85 0.73]/2 0.60 0.52 0.49 
1.oJ.i, 0.87· o. 72 0.56]/2 0.503,k 0.48 
-0.253 
-0.215 
-0.200 
-0.218 
-0.267 
. ./ 
.. 
. . ·f 
' .. 
• 
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